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1. Introduction 

The hydraulic, thermal, mechanical and chemical (HTMC) characterisa- 
tion of rocks is essential for the understanding of subsurface processes like 
earthquake mechanics or processes that result from the production or injec- 
tion of fluids into subsurface reservoirs. Injecting into, or producing fluids 
from a reservoir has an effect on pressure, temperature and chemical equi- 
librium of the reservoir rocks. From the theory of poroelasticity it is known 
that when a porous medium is subjected to different load conditions, this 
results in a matrix deformation, which leads to volumetric changes of the 
pore space and the surrounding grains. Furthermore, the pore pressure will 
change and the fluid starts to flow from regions of high to low pressure. 

In order to perform the necessary laboratory experiments to character- 
ize the HTMC properties of rock specimens, several parameters have to be 
measured at different locations along the sample. Mechanical deformation 
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or hydrostatic pressure conditions are measured outside the sample, whereas 
e.g. pore fluid properties are measured within the fluid system, connected to 
the pore space of the specimen under investigation. In undrained hydrostatic 
compression tests, for example, where a jacketed rock specimen is subjected 
to varying load conditions, the pore pressure change is a measure of the stiff- 
ness of the rock matrix. Pore pressure measurements, however, are often 
biased due to the experimental set-up where large tubing volumes, compared 
to the volume of the pore space, are needed to connect the pore space with 
conventional pressure gauges. This additional volume in the exterior tubing 
can significantly influence measurements of undrained pore pressure [T], be- 
cause the external saturant volume acts as a pore fluid reservoir and violates 
the undrained condition drrif = 0. In addition, the compressibility and the 
thermal expansion of the exterior tubing and of the dead volume in the fluid 
filling system can influence the undrained pore pressure measurement. This 
influence can be corrected following the procedure outlined in Ghabezloo 
and Sulem [2]. Correction methods were previously presented by Wissa [3]. 
Furthermore, Wissa et al. [3] suggested to reduce the total volume of pore 
pressure lines in the triaxial cell base on less than 3% of the pore volume in 
the test specimen. 

To overcome the limitation of a large void space, a novel fibre optic pres- 
sure and temperature gauge has been embedded directly within the sample 
and pore pressure measurements have been performed. Although fibre optic 
techniques have been used to measure mechanical deformation of a sample 
within a triaxial cell [e.g. 0], to our knowledge, pore pressure measurements 
have been performed for the first time in this study. 

Within this contribution, the experimental procedure will be described 
and the measured rock physical parameters will be outlined. The accuracy 
and applicability of the sensor will be discussed in detail. The measured 
poroelastic parameters will be discussed in a subsequent publication. 

2. Experimental Set-Up - Sensing 

2.1. Sensing Principle 

The fibre optic sensor (FOPS) used for this application consists of a minia- 
ture all-silica extrinsic Fabry-Perot cavity (EFPI) pressure sensor with an 
encapsulated Fibre Bragg Grating (FBG) for temperature sensing [5j. The 
sensor head is made of silica glass components by splicing a Single Mode 
(SM)-FBG and a 200 /im silica glass fibre to a silica glass capillary (Figure 
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Figure 1: Sketch of the fibre optic sensor used for high pressure and temperature appli- 
cations. The sensor consists of a combination of an Extrisic Fabry Perot Cavity (EFPI) 
and a Fibre Bragg Grating (FBG) for pressure and temperature sensing. L denotes the 
length of the cavity, and Ls the distance between the fusion splices. 

0). In addition, the 200 /mi fibre was cleaved and polished using raw polish- 
ing paper several hundred micrometers from the glass capillary/200 /im fibre 
splice, in order to avoid light reflections at the outer surface of the 200 /im 
fibre. The length of the sensor is about 0.5 cm and its outer diameter is 
about 230 /mi. Hence, the fibre optic sensor provides a simple, miniature 
and robust sensor configuration to measure pressure and temperature within 
a rock specimen. 

The theoretical discussion of the sensing principle is based on Bremer 
et al. [5]. 

Incident light propagating to the head is reflected at the FBG for a wave- 
length equal to the Bragg wavelength X B [6]: 



with n e ff being the refractive index of the fibre core material and A the period 
of the grating. Wavelengths different than A# propagate through the fibre 
and are reflected two times. Light becomes partly reflected at the entrance 
into the EFPI cavity (glass/air interface of the SM fibre). The transmitted 
light becomes reflected at the termination of the cavity (air/glass interface 
of the 200 /im fibre). Light, reflected from the end of the cavity is partly 
transmitted back into the SM fibre and interferes with light reflected from 
the first reflection at the entrance into the EFPI. The reflection coefficients 
of the glass/air and air/glass interface are low. Therefore, the function of 
the light interference can be calculated as [TJ: 



X B = 2n e ff ■ A 



(1) 



I R = I • 2R(1 + cos(^c)) 



(2) 
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where I Q and Ir are the light intensities of the source and the reflected signal, 
respectively, and R is the reflection coefficient of the glass/air and air/glass 
interface. (fc-,x is the phase shift between the reflected signals of wavelength 
A. It is defined as: 

AnnL 

Vc,\ = — r— (3) 

where n is the refractive index of the EFPI cavity, A is the free space optical 
wavelength and L is the EFPI cavity length. From this, the phase shift Ape 
between two wavelengths Ai and A 2 can be calculated as: 

Alpc = <Pcm ~ <Pcm = 4arnL ( - ] = AirnL ^ 1 ^ 2 (4) 

For a centre wavelength Ai and an adjacent wavelength A2 of equal phase, 
i.e. Aipc = 2ir, the free spectral range \fsr,i = Ai — A2 can be determined 
as: 

Ai — (Ai — A\ F sr,i) 



2n = Aipc = AimL- 



Ai(Ai — AA^^i^ 



A 2 

A = 2^lTa^ (5) 

The glass capillary deforms under the influence of pressure. Hence, the 
length of the cavity changes, changing the interference pattern of the reflec- 
tions. The cavity length change AL P with respect to applied pressure Ap 
can be expressed as [S]: 



AL p = J ° (1 - 2/x)Ap = a 21 A P (6) 
&\ r o - r i ) 

where \i and E are the Poisson's ratio and Young's modulus of the glass 
capillary, respectively. L s is the effective length of the pressure sensor, r Q 
and ri are the inner and outer radius of the glass capillary. Besides the 
pressure sensitivity, the EFPI cavity is also sensitive to temperature, due to 
the thermal expansion of all glass components. The change of the cavity 
length as a result of temperature can be calculated as [S]: 



ALi 



(f3 c -p F )L s + f3 F L + ^a 21 AT = a 22 AT (7) 



T 

where (3c an d Pf are the coefficients of thermal expansion (CTE) of the 
glass capillary and the SM fibre, respectively, p and T are the pressure and 
temperature during sealing the EFPI cavity. 
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From previous experiments [5], it is known that the pressure induced 
Bragg wavelength change is sufficiently low, when the FBG is entirely encap- 
sulated in the glass capillary. Therefore, the pressure sensitivity of the FBG 
can be neglected and the coefficient an in Equation [8] equals zero. 
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The temperature sensitivity of the FBG is based on an induced refractive 
index change and the CTE of the SM fibre. The shift of the Bragg wavelength 
X B with respect to temperature can be expressed as [5J: 
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where dn e ff/dT is the thermo optic coefficient. 

For the existing pressure and temperature relations (Equations [6] to [9]) 
the following matrix representation can be constructed: 



(10) 



where an can be neglected, as stated above. 

2.2. Sensor Interrogation System 

A schematic of the interrogation system is shown in Figure 2(a) The in- 
terrogation system consists of a broad-band light source (BBS) (INO FBS-C), 
an optical circulator, a fibre optic switch (JDS Fitel) and an optical spectrum 
analyser (OS A) (ANDO AQ6330). Light from the BBS is guided through 
the optical circulator to the optical switch, which is used to interrogate the 
fibre optic sensor and an optical mirror, sequentially. The mirror signal is 
used for normalisation of the measured signal from the FOPS. The reflected 
light from the FOPS/mirror is then guided back to the optical circulator, 
from where the signal is transferred to the OSA. The OSA captures and 
normalises the reflected FOPS spectrum. A computer is used to acquire and 
analyse the spectrum and operating the switch. An example of a normalized 



spectrum is depicted in Figure |2(b) 



As illustrated in Equations [6] and [7| the EFPI cavity length changes with 
applied pressure and temperature, respectively. Consequently, the phase of 
the EFPI cavity changes with the measurands (Equation [3]). The change in 
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Figure 2: Sketch of the interrogation system (right) together with an exemplary optical 
spectrum (left) recorded with the novel p/T sensor. 



phase has been determined by the means of a Fast Fourier Transformation 
(FFT) algorithm and linearly fitted to the applied pressure. The FFT al- 
gorithm worked well for phase changes less or equal to Aipc < 27r. Phase 
ambiguities, however, occurred for phase changes larger than 2ir. Further- 
more, a 2tt periodic error has been imposed on the data. In order to correct 
this periodic error, calibration data for the entire pressure range has been lin- 
early fitted. After subtracting the linear trend from the measured pressure, 
a sinusoidal function has been fitted to the data. This correction function 
was used to correct the measured data for the periodic error. 

To unwrap the phase information, the change in the free spectral range 
A\fsr,p has been used. As the free spectral range was difficult to measure, 
an average free spectral range A\^ Rp has been defined as the change in 
wavelength of the EFPI signal over the recorded wavelength range (1505- 
1585 nm). To calculate the change in AA^| Hp , a fractional fourier transfor- 
mation (FRFT) |9] has been applied. 

Within this study, only isothermal tests have been performed. Therefore, 
no temperature compensation has been applied. 

2.3. Implementation the FOPS into hp/hT triaxial cell 

In order to measure a pore pressure build-up within a rock specimen inside 
the pressurized chamber of a high pressure / high temperature test assembly, 
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an optical fibre has to be fed into the high pressure chamber. Within this 
study a rock mechanical testing system, manufactured by MTS System Coop- 
eration (Figure [3]) was used. This test system allows for hydrostatic pressures 
up to 140 MPa and temperatures up to 200 °C. Pressure and temperature 
within the chamber can be monitored using an external pressure sensor and 



three internal thermocouples (Type K), respectively (Figure 4(a) ). The ther- 
mocouples are located at the bottom, half the total length and the top of the 
sample within the pressure chamber. In order to implement the fibre optic 
sensor into the test assembly, a feed through for the optical fibre has been 
engineered. The lead fibre is fed through the base plate of the test assembly 
into the pressure chamber. Therefore, it was glued into a 1/8 inch stainless 
steel capillary tube using epoxy resin. This tube was mounted on the feed 
through and sealed using commercially available Swagelok fittings. Within 
the pressure chamber, the fibre optic sensor has been spliced to the lead fibre. 
This allows for an easy installation and replacement of sensors. 

3. Experimental Procedure 

In order to investigate the poroelastic behaviour geothermal reservoir 
rocks, a cylindrical sample of Flechtinger sandstone was prepared for the 
laboratory experiments. The Flechtinger sandstone has been chosen as an 
outcropping equivalent of the reservoir rock of GroB Schonebeck. It is a 
Lower Permian (Rotliegend) sedimentary rock quarried from an outcrop near 
Flechtingen, Germany. This Rotliegend sample is an arcosic litharenite con- 
taining varying amounts of quartz (55-65%), feldspars (15-20%), and rock 
fragments, mainly of volcanic origin (20-25%). In addition, smaller amounts 
of clays are present, predominantly illite and chlorite [11]. The diameter of 
the sample was 5 cm and the was length 10 cm. Using Archimedes' principle, 
the initial porosity has been determined to be cj) 1 = 0.125. For similar sam- 
ples of the same rock block, initial permeability values k l between 0.3 and 1.3 
niD have been measured. To allow for the sensor to be embedded within the 
sample, a hole with a diameter of 1.8 mm and a depth of approx. 20 mm has 
been drilled normal to the cylindrical surface. This hole is located at 4 cm 
distance from the top end face of the cylinder (see Figure 4(a) and 4(b)[ ). 



The drill hole is a weak point and can potentially influence the results of 
the tests particularly in the case of deviatoric compression. Therefore, just 
hydrostatic compression was applied and the sensor itself was glued inside a 
1/16 inch stainless steel capillary tube using epoxy resin. This capillary can 
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Figure 3: Laboratory test configuration showing a rock sample sample in the pressure 
chamber [10 (left) and a sample mounted for porosity measurements (here, Bentheimer 
sandstone, right). 
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Table 1: List of different experiments. FEP denotes a shrinking tube made of fluorinated 
ethylene propylene. 



Test 
Type 



Measured Derived 
Quantity Quantity 



Sensor 



Jacket 
Type 



Pretest 

Preconditioning 
Drained 
Undrained 
Unjacketed 





V 



C b , V p , V b , 0, a 
B 

C s , d(j), a, B 



Test FEP 

Calibration FEP 

Pore Pressure Neoprene 
Validation 



resist the stress acting on its outer surface and provides an accurate pore 
pressure measurement at its interior which is connected to the pore space. 
Prior to the experiments, the sample was oven dried and afterwards satu- 
rated within a vacuum desiccator. By use of the dry and wet sample mass 
and the density of the saturant (distilled water), the initial pore volume V p \ 
the initial bulk volume V b l and the initial porosity (ft 1 were calculated. 

For this sample, three different isothermal hydrostatic compression tests 
have been performed to obtain different rock physical parameters. These 
are a drained hydrostatic compression test, an undrained hydrostatic com- 
pression test and an unjacketed hydrostatic compression test under in situ 
conditions. Prior to the drained compression test, the sample has been pre- 
conditioned. Table [T] lists the different experiments performed . Three dif- 
ferent set-ups have been used to measure the desired parameters. 

3.1. Sensor Test - Preconditioning 

Applying pressure to a rock sample, the sample is subject to reversible as 
well as irreversible deformations. To reduce the influence of an irreversible 
deformation as well as to minimize non-linear effects during the measure- 
ment, e.g. creep of the sample, it has to be preconditioned. A confining 
pressure cycle from 0.2 to 70 MPa with a period of 25 min has been applied, 
according to the procedure outlined by Hart and Wang (12] . This procedure 
was repeated three times. 

In order to simulate hydrostatic in situ conditions, the chamber was filled 
with hydraulic oil. To keep the sample from being contaminated, it was en- 
capsulated in a shrinking tube made of fluorinated ethylene propylene (FEP 
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jacket). The hydraulic system was connected to the pore system of the sam- 
ple. 

To minimize the influence of the drill hole for the sensor on the subsequent 
porosity measurement and to reduce the risk of a leakage when applying hy- 



drostatic pressure, the hole has been plugged with a nail (Figure 4(b) , filling 
the void space. To measure axial and lateral strain of the sandstone sample 
during compression, two axial extensometers and one radial chain exten- 
someter were installed [TO] and the sample was mounted inside the pressure 
chamber (Figure [3]). As the sample, the sensor has been placed within the 
pressure chamber and data has been recorded with a temporal resolution of 
15 s. Using data from the preconditioning stage, the interrogation system 
and the sensor response was tested (Figure pj). 

3.2. Sensor Calibration - Drained Compression Test 

The drained compression test has been performed directly after the pre- 
conditioning phase on the jacketed rock specimen. As confining pressure p c 
increases, and pore pressure p p is held constant, the change in pore volume 
dVp and specimen volumetric strain e v = e a + 2e c were measured. Only this 
test is required to calculate the Biot coefficient a and porosity (p by the direct 
method. The Biot Coefficient a can be defined as the ratio of the change in 
pore volume dV p and the unit change of bulk volume dVb under drained con- 
ditions [13J. As the MTS system provides axial and circumferential strain 
measurements only, the change in bulk volume has been replaced by the 
volumetric strain dVb = V b l de v . 

For the porosity measurement a distinction between the definition of La- 



grange's porosity <p L and of Euler's porosity <pE, see Equation [12j has to be 
made. Lagrange's porosity refers to the initial configuration, i.e. the ratio 
of the pore volume defined in the deformed state and the bulk volume in 
the initial state. In contrast, Euler's porosity refers to the deformed config- 
uration, i.e. the ratio of the pore volume and the bulk volume, both in the 
deformed state [14j . In the following, we are referring to the Euler's porosity, 
only. 

<Pl = = (12) 
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There are four different compressibilities defined for porous rock, which 
relate changes in either pore volume V p or bulk volume V& to changes in 
either confining pressure p c or pore pressure p v [15J. During the drained 
hydrostatic compression test, the pore pressure inside the sample is kept 
constant. Therefore, the variations of the bulk volume and pore volume with 
applied confining pressure yield the drained bulk compressibility and the 
drained pore compressibility C p , respectively [16]. 



Cb -k--hw) r : c *-k-~h^) rr (13) 

During the drained compression test, the sensor has been calibrated. 
Therefore, the sensor was kept within the pressure chamber and a pres- 
sure cycle from 0.2 to 70 MPa has been applied. Confining pressure has 
been increased and subsequently reduced stepwise in 5 MPa steps, except 
for the low pressure range, where steps at 0.5, 1.5 and 2.5 MPa have been 
performed. At all pressure steps, 10 optical spectra from the FOPS have 
been recorded. Using the pressure readings from the pressure chamber, the 



sensor was calibrated (see Figure [6(a) ). 



3.3. Sensor Pore Pressure Measurement - Undrained Compression Test 

For fully saturated rocks under undrained conditions, the pore pressure p p 
change is a function of the applied mean stress. Under hydrostatic conditions 
the mean stress is equal to the confining pressure p c . The ratio of pore 
pressure change to the applied confining pressure change defines the isotropic 
Skempton coefficient B ([H];[T]). The pore pressure change is related to 
confining pressure change by the following equation [Tj 



B = ^. (14) 
dp c 

For pressure measurements within the rock specimen, the fibre optic sen- 



sor has been embedded in the rock specimen (Figure 4(a)). The hydraulic 
system was disconnected, the extensometers and the nail were removed to- 
gether with the FEP jacket and replaced by a Neoprene jacket and two blind 
end caps on either side of the cylindrical sample. Using a needle, a hole has 
been poked through the jacket at the position of the drill-hole. The sensor 
has been embedded through this hole approx 2 cm deep into the rock sample, 
leaving a void space of 12 mm 3 which is less than 0.05% of the pore volume. 
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(a) Sample Preparation. (b) Sketch. 

Figure 4: Picture showing the prepared sample for the pore pressure measurements (left) 



together with a cross section of the embedded sensor (right). See Section 3.3 for further 
details. 



The resin inside the steel capillary seals the pore pressure from the confining 
pressure and it reduces the void space within the tube. 

Applying pressure to the sample, the flexible Neoprene jacked seals the 
feed-through of the optical sensor. To reduce the probability of leakage at 
the feed-through, a flexible epoxy resin has been disposed close to the feed- 
through. 

For the pore pressure determination, confining pressures from 0.2 to 
70 MPa have been applied with a rate of 10 MPa/h. Again, pressure readings 
from the sensor have been acquired with a temporal resolution of 15 s. 

3.4- Sensor Data Validation - Unjacketed Compression Test 

In order to validate the sensor calibration and for measuring the un- 
jacketed bulk compressibility C s , an unjacketed hydrostatic compression test 
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was performed. During the unjacketed compression test, the increments in 
confining pressure and pore pressure are equal and applied simultaneously. 
Therefore, the effective pressure remains constant p e = p c — p p = at this 
conditions. The variations in bulk volume and pore volume with respect to 
the applied pressure are defined as unjacketed bulk compressibility C s and 
unjacketed pore compressibility 



i i fdv b \ n i i (dv p 



Cs ~k s --vi w P ) p f* -Ki—v* w P ) Pe (15) 

The experimental evaluation of the unjacketed pore compressibility is 
difficult, since fluid compressibility and the compressibility of external tubing 
and the pore pressure generator has to been taken into account [TH] . In order 
to measure the unjacketed bulk compressibility, the Neoprene jacket has been 
removed and the two axial extensometers and the radial chain extensometer 
have been attached to the sample. 

By means of the unjacketed bulk compressibility in conjunction with the 
measured drained bulk compressibility during the drained compression test, 
the Biot coefficient can be determined by an indirect method (|19].|20j): 



« = (16) 

Furthermore, the unjacketed bulk compressibility can be used to calculate 
changes in porosity due to changes in effective pressure [2T]. This relation 
arises from a theory of hydrostatic poroelastics developed by Carroll and 
Katsube [22]. 

d<j> E = -[(l-<P)C b -C a ]d(jp e ) (17) 



In Equation [17] the assumption was made, that the unjacketed bulk com- 
pressibility is identical with the unjacketed pore compressibility and the com- 
pressibility of the solid matrix, C s = = C m . This assumption is valid for 
homogeneous and isotropic media at the micro-scale. Without this simplifi- 
cation an additional term regarding the unjacketed pore compressibility due 
to a pore pressure change must be taken into account [T6] . 

d<f> E = - [(1 - <p l )C b - Cj d(p e ) + <j> 1 (C s - C^) d Pp (18) 
By use of the direct porosity measurement during the drained compression 



test and the porosity data determined by the indirect method (Equation 17), 
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the additional term 0* (C a — C^) dp p can be calculated. In particular, by use 
of the porosity data from the drained compression test in conjunction with 
the unjacketed compression test, the unjacketed pore compressibility can 
be estimated. 

Finally, the unjacketed bulk compressibility can be used for calculating 
the Skempton coefficient B. Mesri et al. [23] derived an equation which 
relates the Skempton coefficient to Cf, C& and C s , where the assumption was 
made that the solid matrix compressibility is identical with the unjacketed 
bulk compressibility C m = C s . In [21], a similar equation can be found 
replacing the unjacketed bulk compressibility C s by the compressibility of 
the solid matrix C m . 




During the unjacketed compression test, the fibre optic sensor has been 
removed from the drill hole and placed within the pressure chamber. The 
set-up is therefore similar to the calibration experiment and sensor pressure 
readings can be validated using the information about the confining pressure. 
Two pressure cycles from 0.2 to 70 MPa have been applied and data has been 
recorded with a temporal resolution of 15 s. Data from this experiment has 
been used to validate pressure readings from the second experimental step. 

4. Results 

As mentioned in the introduction, only data, relevant for the fibre optic 
sensor, will be presented. The rock physical implication of the results will be 
discussed in a separate publication. 

4-1- Sensor Test - Preconditioning 

During the preconditioning phase, the sensor has been tested on func- 
tionality and the pressure response has been evaluated. Figure [5] shows the 
pressure ramps over time that have been applied to the sample. The mea- 
sured phase shift has been plotted as well. The data shows a good correlation 
of the measured phase shift with the applied pressure. The temporal response 
was below the time resolution of the data acquisition. 
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Figure 5: Confining pressure p c and phase shift tp c of the interference signal vs. time. The 
missing data of down ramp one and three corresponds with a reset of the optical spectrum 
analyser device. 
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(a) Calibration and Validation. (b) Measurement. 



Figure 6: Left: Phase shift ip c vs. confining pressure p c of the sensor calibration during 
the drained compression test (white circles) in comparison with the sensor validation 
during the unjacketed compression test (continuous line). Data has been fitted linearly 
for calibrating the sensor. Right: Measured pore pressure vs. applied confining pressure 
during the undrained compression test. The pore pressure is displayed with solid lines. 
Data has been corrected by a sinusoidal correction function. For comparison, the dashed 
line shows data for the case that the measured pore pressure is equal to the applied 
confining pressure. 



4-2. Sensor Calibration - Drained Compression Test 



Figure 6(a) shows the measured phase shift at different confining pressure 
values. For this experimental set-up, an absolute accuracy of ± 0.75 MPa 
(~ 1% full scale) has been calculated for the applied pressure range from 0.2 
to 70 MPa by linear fitting. 

4-3. Sensor Pore Pressure Measurement - Undrained Compression Test 

The measured pore pressure in relation to the applied confining pressure 
has been measured for the entire range from 0.2 to 70 MPa. Based on the 
primary data processing a periodic error for the pore pressure data could be 
analysed. To mitigate this error a sinus correction function was determined 



and applied. As shown in Figure 6(b) a maximum effective pressure p e of 



5 MPa has been measured at 70 MPa confining pressure. 
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4-4- Sensor Validation - Unjacketed Compression Test 

Data from the unjacketed compressibility test has been used to validate 
the measured pressure data. As seen in Figure 6(a) , the difference in pressure 
determination prior and after the in situ pore pressure measurement is less 
than 0.1 MPa. 



5. Discussion and Conclusions 

For the first time, pore pressure information was acquired directly within 
the pore space of a rock specimen by means of a fibre optic sensor. The 
sensing system proved to be successful and a valuable tool to measure in situ 
pressure conditions during a hydrostatic compression test. 

Several different tests have been performed to measure the most relevant 
poro-elastic parameters of a rock specimen. The tests have been arranged, 
so that all relevant steps of sensor test, calibration, measurement and data 
validation were integrated. By this combination of tests it is possible to 
determine the Biot coefficient a, the Skempton coefficient B and the porosity 
4> by direct and indirect method. Furthermore, drained bulk compressibility 
Cb, drained pore compressibility C p , unjacketed bulk compressibility C s and 
unjacketed pore compressibility can be measured. 

Data from the preconditioning experiment has been used to evaluate the 
sensor performance. The sensor proved to be able to operate in the desired 
pressure range. Furthermore, a good temporal response has been determined 
over the entire pressure range from 0.2 to 70 MPa. The linear fit of the 
calibration data resulted in an absolute accuracy of 0.75 MPa for the applied 
experimental set-up. This could be improved by sinusoidal fitting of the 
resulting calibration curve. 

The pore pressure p p data, recorded during the jacketed hydrostatic com- 
pression test, proved to be sufficiently accurate for the determination of the 
Skempton coefficient B. Finally, data validation during the unjacketed hy- 
drostatic compression test ensured, that measured pressures where correct 
within the measurement accuracy. Using the sinusoidal fitting, the repro- 
ducibility between both measurements was determined to be better 0.1 MPa. 

6. Summary 

To understand the behaviour of rocks under changing load or tempera- 
ture conditions, the determination of physical parameters like pore pressure 
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or temperature within the pore space is essential. Within this study, the 
implementation of a novel fibre optic point sensor for pressure and temper- 
ature determination into a high pressure / high temperature triaxial cell is 
presented. The sensor used within this study consists of a miniature all-silica 
fibre optic Extrinsic Fabry-Perot Interferometer (EFPI) sensor which has an 
embedded Fibre Bragg Grating (FBG) reference sensor element to determine 
temperature and pressure directly at the point of measurement. For the first 
time, pressure was measured directly within the pore space of a Flechtinger 
sandstone specimen during a hydrostatic compression test at up to 70 MPa. 

7. Outlook 

Within this study, in situ pore pressure data was acquired at a single point 
of measurement within the rock specimen under investigation. For future 
work, however, several sensors along the sample can be used to measure 
effective pressure conditions under varying load conditions. Data can be used 
to measure e.g. fracture permeabilities, fracture propagation or the internal 
stress state of a specimen. 

For non-isothermal measurements, the steel capillary tube has to be ex- 
changed by a ceramic capillary with a thermal conductivity similar to the 
bulk thermal conductivity of the rock. For a capillary tube with a differ- 
ent thermal conductivity, the temperature information form the inside of the 
sample would be biased by the outside conditions. 

In order to increase the accuracy of the sensor, the sensor dimensions will 
be optimized for the desired pressure range and an optimized data processing 
algorithm will be used. 
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